Introduction
The existence of animals such as salamanders that can regenerate demonstrates that regeneration of a structurally complex organ such as a limb is possible. Although all animals, including humans, have the ability to regenerate the tissues of the limb (e.g. nerves, epithelia and muscle), their ability to regenerate an organ that is composed of multiple tissues is highly limited (e.g. finger tips in mammals). The reasons for the lack of, or loss of, this regenerative ability has been debated ever since people began wondering if it would someday be possible to induce humans to regenerate to the extent observed in a salamander. Although the answer to this question is as yet unknown, it has led investigators to focus on the steps involved in salamander limb regeneration in order to identify the critical events required for regeneration that presumably fail to occur in humans.
Gain-of-function experiments in the salamander have led to the identification of multiple steps in limb regeneration that involve three main signaling processes (see Endo et al., 2004; Satoh et al., 2007) . When a nerve is deviated to a wound on the side of the arm that has received a graft of dermal cells from the side of the limb opposite the wound, an entire limb is induced to form de novo. This phenomenon is the basis for the Accessory Limb Model (ALM), which allows for the testing of candidate factors to substitute for the signals provided by the nerve and the dermal cells (Endo et al., 2004) . Most importantly, the ALM is a direct demonstration that limb regeneration progresses in a stepwise manner, and that one of the earliest steps is an interaction between the nerve and the newly formed wound epithelium (WE) . The failure to progress beyond an early step results in regenerative failure (Muller et al., 1999) , and thus the early nerve signaling to the WE keratinocytes is required for the regeneration cascade to continue.
The critical role of the nerve has been recognized since the early days of experimental work on limb regeneration (see Wallace, 1981; Singer, 1952) . Limbs that are lacking nerves by surgical denervation fail to initiate regeneration or to progress through the steps of regeneration if denervated after a blastema has formed. Although the role of nerve signaling presumably is complex, one early function is to induce the WE to begin to function as the AEC . Thus loss of the nerve and loss of AEC function both result in the same phenotype, regenerative failure. Surgical removal of the AEC inhibits limb regeneration, although such an experiment is difficult because the WE reforms and after a delay, regeneration recommences (Thornton, 1957) . Other than surgical denervation, the most effective way to inhibit regeneration in a salamander is to graft full-thickness skin over the wound to prevent formation of the WE/AEC (see Wallace, 1981) . The role of the nerveinduced WE/AEC in initiating regeneration is also demonstrated by gain-of-function experiments in which a graft of an extra WE/AEC to an amputated limb stump will induce formation of an extra limb (Thornton, 1957 (Thornton, , 1960 . Similarly, the ALM is based on the ability of a surgically deviated nerve to induce an ectopic blastema and ultimately an ectopic limb by inducing an ectopic WE/AEC with the deviated nerve (Endo et al., 2004; Satoh et al., 2007) . Given the availability of molecular reagents and functional assays such as the ALM, it is now possible to discover the mechanisms whereby nerves and the WE/AEC interact to initiate and sustain limb regeneration.
The challenge to inducing regeneration in humans is to identify the steps in the regeneration cascade that fail to happen and then devise therapeutic strategies to overcome these barriers (Muller et al., 1999) . Given that regeneration is a stepwise process, regenerative failure must be a consequence of a failure to progress from an earlier step to the next step. Thus setting out to identify the sequential barriers to regeneration is the most rational approach to understanding the mechanisms of regenerative failure and ultimately to inducing regeneration in a non-regenerating injury. Based on this reasoning, we thus need to focus on the earliest initiating events, which based on current models for regeneration are those associated with re-epithelialization and the initial interactions between nerves and the WE. This reasoning thus leads us to begin testing the classic hypothesis that the failure to regenerate in humans is a consequence of the failure of WE/AEC function (Tassava and Olsen, 1982) .
The functional role of the blastema AEC appears to be equivalent to the apical epithelium of developing limb buds (Apical Ectodermal Ridge, AER, in amniotes and the limb bud AEC in amphibians). In limb development, the AER is a source of signaling that is required for continued outgrowth and patterning of the limb (see FernandezTeran and Ros, 2008) . Although not as extensively investigated as the AER, the AEC exhibits a number of unique morphological and molecular features associated with its function (see Wallace, 1981; Christensen and Tassava, 2000; Han et al., 2001; Satoh et al., 2008b) . Morphologically, the AEC (a symmetrical cap of keratinocytes covering the distal region of the limb bud/blastema) is different from the AER (a thickened ridge of keratinocytes extending along the anteriorposterior margin of the distal limb bud); however, it has the equivalent function in mediating mesenchymal-epithelial interactions required for limb outgrowth (Christensen and Tassava, 2000; Fernandez-Teran and Ros, 2008) . Along with differences, these two structures share similarities such as expression of FGF8 (Christensen and Tassava, 2000; Han et al., 2001) and Sp-9 (Satoh et al., 2008b; Kawakami et al., 2004) .
One of the most interesting facts, yet never followed up on observations, is that the keratinocytes of the AEC exit the cell cycle and thus do not incorporate tritiated thymidine during regeneration (Hay and Fishman, 1961) . In the present study, we have reinvestigated the phenomenon of cell cycle withdrawal in the AEC of the regenerating salamander limb to test the hypothesis that regulation of cell cycle kinetics is necessary for AEC function (Bryant et al., 1993; Ohsugi et al., 1997) . We have largely confirmed the report of Hay and Fishman (1961) in terms of non-proliferation (exceptionally low rates of proliferation) of the cells of the WE/AEC. Cell cycle withdrawal is most evident in the AEC basal keratinocytes, which are likely to be the subpopulation of cells that are responsible for AEC function (see discussion). In addition, we have observed the phenomenon of cell cycle withdrawal in the AER of chick and mouse limb buds, and thus this phenomenon is characteristic of other cell populations that function as signaling centers during development as well as during regeneration.
Materials and methods

Animals and surgical procedures
Experiments were performed on axolotls (Ambystoma mexicanum) measuring 8-12 cm from snout to tail tip that were spawned at the University of California, Irvine or the Ambystoma Genetic Stock Center at the University of Kentucky. Skin wounding and deviation of the brachial nerve were performed as described previously (Endo et al., 2004) . To initiate regeneration, limbs were amputated at the mid-humerus level and the bone was trimmed so as not to protrude from the amputation surface. Limbs were denervated by transection of the third, fourth and fifth brachial nerves distal to the brachial plexus at the level of the scapula. For all surgeries, axolotls were anesthetized in a 0.1% solution of MS222 (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma), pH 7.0, and were kept anesthetized and covered with moist lab tissues for one hour post-surgery.
The rate of progression through the stages of regeneration was variable depending on individual animals and body size (faster in smaller animals), and therefore we collected samples according to the staging criteria described by Iten and Bryant (1973) rather than at specific times after amputation (days postamputation, dpa). The approximate timing for the relatively small animals used in this study was as follows. Within hours after amputation, the basal keratinocytes of the surrounding epidermis migrated as a sheet to cover the wound surface. Over the next couple of days, there were relatively minor changes in the external morphology of the amputated limb. By about 5-7 dpa, the end of the stump appeared rounded as cells began to accumulate to form the blastema (early bud blastema). As the blastema increased in size, it reached a stage at which it was about as tall as it was wide (medium bud, 7-10 dpa). When it was about twice as tall as its width, it was identified as a late bud blastema (about 10-14 dpa), and when it began to flatten along the dorsal-ventral axis, it was identified as a palette stage blastema (15-20 dpa).
BrdU incorporation/carbenoxolone treatment
BrdU (100 mg/g body weight) was injected intraperitoneally into anesthetized axolotls. Animals were kept in water for 2 h after which blastemas were collected in order to analyze cellular proliferation. To investigate the retention of BrdU in non-proliferating basal keratinocytes ( Fig. 2E and F) , we injected BrdU once a day for three days prior to amputation in order to label basal keratinocytes of the epidermis. We then amputated the limbs and collected the blastemas one week later for analysis. To analyze proliferation in chick limb buds, we applied BrdU ectopically (100 ml of 40 mM BrdU in water) in ovo for one hour prior to tissue collection and processing for BrdU immunolocalization (Ohsugi et al., 1997) . Mouse embryos (stage E10.5) that had been exposed to BrdU for 30 min in utero by intraperitoneal injection into pregnant dams (50 mg/gm body weight) were kindly provided for subsequent immunohistochemistry to localize BrdU incorporation in the limb bud AER (S. Kawauchi). To test for the role of gap-junction communication in maintaining cell cycle withdrawal of AEC basal keratinocytes, we treated axolotls with regenerating late bud blastemas for 24 h with the gap-junction inhibitor Carbenoxolone (CBX) at a concentration of 10 mM in the aquarium water, after which the animals were injected with BrdU and the blastemas were collected for analysis.
Results from the various experimental treatments were analyzed in multiple samples. At least eight sections from three samples were analyzed for the data illustrated in Figs. 1 and 2. Analysis in transverse sections through the distal tip of the AEC was based upon three sections from two samples (Fig. 3) . Images in Fig. 4 were representative of what was observed from at least five sections of either two amputated limbs (A, B), three samples of wounds with (E, F) or without (C, D) a deviated nerve, and two regenerating limbs that were surgically denervated, for which at least eight sections were analyzed for each (G, H) . Images illustrating the distribution of Cx43 in the apical region of blastemas were representative of what was observed on at least eight sections from either one limb that was innervated ( Fig. 5A-C) or three limbs that had been surgically denervated ( Fig. 5D-F) . Images illustrating the effects of carbenoxolone treatment on the cell cycle kinetics of AEC basal keratinocytes (Fig. 6 ) were representative of what was observed on at least eight sections from four limbs on two animals treated with carbenoxolone (as detailed above). The images in Fig. 7 were representative of what was observed when BrdU incorporation was analyzed in three mouse limb buds (A-C), one chick limb bud in a whole-mount preparation, and two chick limb buds in histological sections.
Probe synthesis, in situ hybridization and immunohistochemistry
For probe synthesis, the Sp-9 template was amplified by PCR with exTaq (Takara) using primers to the M13 sequence flanking the cloned axolotl sequences in the TOPO pCR2 vectors. PCR fragments were purified and used as probe template as described previously (Satoh et al., 2008a) . Probe synthesis was performed with Sp6 RNA polymerase for four hours, and procedures for in situ hybridization of tissue sections were based on those previously published in detail (Satoh et al., 2008a) .
Immunohistochemistry of tissue sections was performed as described previously for tissue sections (Satoh et al., 2007) or for whole-mount preparations (Ohsugi et al., 1997) using anti-Cx43 primary antibody (Sigma, 1/100), anti-BrdU (Roche, 1/200), anti-mouse IgG-alkaline phosphatase (Invitrogen), anti-mouse IgG-Alexa 488 (Invitrogen), anti-mouse IgG-Alexa 594 (Invitrogen) and anti-rabbit IgG-Alexa 488 (Invitrogen). Nuclei were stained with DAPI.
Results
Basal keratinocytes in the AEC withdrew from the cell cycle and became non-proliferative As reported by Hay and Fishman (1961) , keratinocytes within the apical epithelial cap (AEC) of the regenerating salamander limb became non-proliferative during the early stages of regeneration. Within the first few days after amputation and formation of the wound epithelium (WE; Satoh et al., 2008a) , the frequency of cells in the WE/AEC that incorporated BrdU was already very Fig. 1 . Cell proliferation in the early blastema. The frequency of keratinocytes of the distal AEC (A, B) that incorporated BrdU (green) was low compared to cells from more peripheral and proximal locations (compared to D and F). Cells of the underlying distal blastema mesenchyme (lower left in B and D) also incorporated BrdU. At more peripheral (C, D) and proximal (E, F) regions, the basal and suprabasal keratinocytes incorporated BrdU at a high frequency. The most apical cells of these epithelia did not appear to incorporate BrdU. When observed in whole-mount preparations, the WE covering the center of the amputation plane appeared unstained in contrast to the regions at the margin of the wound and the proximal stump (G). Values (B, D, F) are averages of the frequency of BrdU positive cells counted in one ocular field from three independent specimens. The cartoon (H) indicates the location of the samples relative to the amputation plane; blue indicates the humerus, and the orange stripes indicate the dermis that is present proximally but missing distally as a consequence of amputation. Nuclei are visualized by DAPI (blue). Scale bar ¼200 mm. Basal keratinocytes in the distal region (corresponding to region (A, B) in Fig. 1 ) of both a medium bud (B) and late bud (D) blastema did not incorporate BrdU. In contrast, these basal keratinocytes at more proximal levels (A, C) incorporated BrdU at a high frequency. Retention of the BrdU label by AEC basal keratinocytes was assayed by labeling proliferating cells with daily injections of BrdU for three days prior to amputation. Limbs then were amputated and subsequently fixed after 7 days of regeneration. (F) Many of the basal keratinocytes in the distal region retained the BrdU label, indicating they were non-proliferative. (E) In contrast, the basal keratinocytes at more proximal levels were BrdU-negative, which we interpret to be a consequence of dilution of the label by proliferation of these cells. The distal region (F) corresponds to region (A, B) and the proximal region (E) corresponds to region (C, D) as illustrated in Fig. 1 . The dotted red lines indicate the border between the AEC epithelium (epi) and the underlying blastema mesenchyme (mes) such that the layer of basal keratinocytes of the epithelium is adjacent to the line. Scale bar ¼ 100 mm. low ( Fig. 1A and B ; Hay and Fishman, 1961) . These cells were derived from the basal keratinocytes at the wound periphery that migrated rapidly (within 4 to 6 h post-amputation) to cover the wound surface (Ferris et al., 2010) . In contrast to the WE/AEC cells, the progenitor keratinocytes within the epidermis adjacent to the wound margin (Fig. 1D ) and within the region 1-2 mm proximal to the wound margin (Fig. 1F) had a high labeling index comparable to what was reported previously (25-35%; Hay and Fishman, 1961) . When observed in whole-mount preparations, the WE covering the center amputation plane appeared unstained in contrast to the regions at the margin of the wound and the proximal stump (Fig. 1G) . The proliferative cells in these two regions were localized to the basal region of the epidermis, which is the generative layer ( Fig. 1C-F) , and thus the keratinocyte population in the epidermis adjacent to the wound was rapidly increasing. (A-C) Cx43 protein in a normal blastema was detected in association with the surface of cells throughout the AEC and blastema mesenchyme, including the basal layer of keratinocytes of the AEC ((C), higher magnification of (B)). When the limb was denervated (D-F), Cx43 protein was no longer detected in association with the basal layer of keratinocytes of the AEC ((F), higher magnification of (E)). The dotted red lines indicate the boundary between the basal layer of the AEC and the underlying blastema mesenchymal cells. epi ¼epithelium. mes ¼ blastema mesenchyme. Cells that incorporated BrdU are green, and nuclei are visualized by DAPI (blue).
As regeneration progressed to form a blastema, the rate of BrdU incorporation in the AEC remained very low throughout the stratified epithelium; however, none of the basal keratinocytes of the apical epithelium incorporated BrdU in either medium bud (Fig. 2B ) or late bud (Fig. 2D ) blastemas, as reported previously (Hay and Fishman, 1961) . Although all the basal keratinocytes were BrdU-negative, we did observe a low frequency of BrdU positive cells in the suprabasal keratinocytes ( Fig. 2B and D) . In the original study (Hay and Fishman, 1961) , this low frequency of labeling was not reported, and we presume this difference is a consequence of the higher sensitivity and resolution of immunofluorescence techniques as compared to the original techniques using tritiated thymidine.
The distal and proximal regions of the medium/late bud blastemas differed with respect to the proliferative state of the basal keratinocytes (Fig. 2) . In contrast to the basal keratinocytes of the distal region ( Fig. 2B and D) , these cells in the proximal region did incorporate BrdU ( Fig. 2A and C) . As observed in the distal region, suprabasal keratinocytes in the proximal region also incorporated BrdU. The pattern of non-proliferation of distal AEC basal keratinocytes was maintained through the late digit stage of regeneration (data not shown). We presume that this difference between distal and proximal basal keratinocytes reflected the fact that the cells toward the base of the blastema were beginning to undergo differentiation, and thus were no longer under the influence of signals from the AEC that function to maintain the distal blastema cells in an undifferentiated state (see Wallace, 1981; Satoh et al., 2008a Satoh et al., , 2008b Neufeld and Day, 1996) .
As further evidence that the distal WE/AEC keratinocytes were non-proliferative, we performed an experiment similar to one reported by Hay and Fishman (1961) based upon the retention of the label (BrdU or tritiated thymidine) by non-proliferative AEC cells. We injected BrdU once a day for three days prior to limb amputation to label the proliferative keratinocytes that would eventually migrate from the wound margin as they formed the WE/AEC after amputation. One week after amputation, the basal keratinocytes of the distal region of AEC were BrdU-positive (Fig. 2F) . In contrast, BrdU labeling was much lower in the basal keratinocytes at more proximal regions of the blastema than in the distal region (Fig. 2E) , even though intense BrdU signals were observed in the suprabasal keratinocytes. This pattern of labeling is consistent with the interpretation that the BrdU label was retained in the distal basal keratinocytes because they were less proliferative; whereas, the label was lost in the proximal basal keratinocytes as a consequence of dilution resulting from proliferation. The lack of labeled basal keratinocytes at proximal levels argues against the possibility that the basal keratinocytes of the distal AEC (which were labeled) were replaced by subsequent migration of cells from more proximal levels after the initial period of epithelial migration and formation of the WE. We interpret the presence of labeled suprabasal keratinocytes in this experiment to indicate that at least some of these cells had exited the cell cycle, and thus retained the BrdU label. However, some of the suprabasal keratinocytes were still proliferative since they incorporated BrdU at medium and late bud blastema stages ( Fig. 2B and D) as described above.
Non-proliferative basal keratinocytes of the AEC expressed the dedifferentiation marker, Sp-9
As noted above, the specialized apical epithelium (AER) of amniotes is spatially restricted to a ridge extending from anterior to posterior, but it does not cover either the dorsal or ventral surfaces of the limb bud. In contrast, the AEC of both developing limb buds and regenerating blastemas of amphibians is symmetrically distributed around the circumference of the distal tip of the growing limb. We examined transverse sections through the distal region of medium and late bud blastemas, and confirmed that the domain of non-proliferation of the distal basal keratinocytes of the AEC was a symmetrical cap (Fig. 3A) . As observed in longitudinal sections (Figs. 1 and 2) , no BrdU-positive basal keratinocytes were observed at any position around the blastema circumference ( Fig. 3A and B ) even though labeled keratinocytes were distributed through the suprabasal layers of the AEC (Fig. 3A) .
Expression of the AEC marker gene, Sp-9, was restricted to the non-proliferative basal keratinocytes of the distal AEC (Fig. 3C) . Sp-9 is expressed in the AEC of developing amphibian limb buds as well as in the AER of higher vertebrates (see Satoh et al., 2008b) . Re-expression of Sp-9 is induced by nerve signals that induce formation of the WE/AEC in the axolotl, and thus it is a marker for dedifferentiation of the apical keratinocytes (Satoh et al., 2008b) . At the present time, it is unclear whether withdrawal from the cell cycle is necessary or sufficient for the induction of Sp-9 expression, or vice versa.
Signals from nerves induced and maintained cell cycle withdrawal in basal keratinocytes of the AEC Since the early steps of regeneration are dependent on signaling from a nerve (see Wallace, 1981; Endo et al., 2004; Satoh et al., 2008b) , we tested the hypothesis that cell cycle withdrawal by basal keratinocytes of the WE/AEC is also regulated by nerve signaling. When a limb was amputated, nerves were present in the stump and signaled to the WE/AEC. During the first several days post-amputation, the basal keratinocytes withdrew from the cell cycle ( Fig. 4A and B ; see also Figs. 1-3) . When a full-thickness skin wound was made on the side of the arm, the keratinocytes from the wound periphery migrated and covered the wound. During the first few days of wound healing they incorporated BrdU at a low frequency, as they did in response to an amputation (Fig. 4C) ; however, by one week, most of the basal keratinocytes within the wound incorporated BrdU, which was comparable to what was observed at the wound periphery of an amputated limb ( Fig. 1D and F) . Thus the keratinocytes of a skin wound were proliferative and replaced the missing epidermis. In contrast, when a nerve was deviated to a skin wound, the basal keratinocytes withdrew from the cell cycle ( Fig. 4E and F) . Skin wounds on the side of the arm that received signals from a deviated nerve were induced to form ectopic blastemas that are equivalent to amputation-induced blastemas (Endo et al., 2004; Satoh et al., 2007) . Thus nerve signaling induced both cell cycle withdrawal and subsequent blastema formation.
Nerve signaling also was required to maintain AEC basal keratinocytes in a non-proliferative state at later stages of regeneration. Previously non-proliferative basal keratinocytes reentered the cell cycle and began to incorporate BrdU as early as 24 h after the limb was surgically denervated (Fig. 4G and H) . In addition, the morphology of basal keratinocytes was altered such that they formed a less coherent epithelial layer (compare Fig. 4H with Fig. 2) . Classically, the view is that denervation of the regenerating limb causes regenerative failure by arresting the cell cycle (see Wallace, 1981) . We note that previous studies have focused on proliferation of the underlying mesenchymal cells of the blastema rather than the keratinocytes of the AEC. Although blastema mesenchyme cells cease proliferating when the limb is denervated, this could be a secondary response to disruption of nerve-dependent AEC function that is associated with reentry into the cell cycle by the basal keratinocytes of the AEC.
Nerve-dependent expression of the gap junction protein Cx43 was associated with non-proliferating basal keratinocytes
The observation that all the basal keratinocytes were nonproliferative raised the question of the possible mechanisms that control this synchronized intercellular behavior. One reasonable and obvious hypothesis is that these cells communicate via gap junctions, which are known to coordinate the behavior of adjacent cells (Richard, 2000; Temme et al., 2000) . To determine if gap junction proteins were present in association with the basal keratinocytes of the AEC, we used immunohistochemistry to analyze the distribution of Connexin 43. Connexins are an integral component of gap junctions, and are expressed during limb development (Makarenkova and Patel, 1999) . We detected the presence of Cx43 protein associated with both basal and suprabasal keratinocytes of the distal AEC, as well as the distal mesenchymal cells of a regenerating limb blastema (Fig. 5A-C) . In more proximal regions of the blastema epithelium, the intensity of Cx43 immunostaining was decreased (data not shown). When the regenerating limb was denervated, the intensity of Cx43 immunostaining associated with the suprabasal keratinocytes and apical mesenchyme remained high and relatively unchanged (compare Fig. 5E with 5B). In contrast, Cx43 protein was no longer detected in association with the basal keratinocytes ( Fig. 5E and F) . We presume that the disruption of gap junction integrity as evidenced by the loss of Cx43 protein is related to the observed change in epithelial morphology noted above ( Fig. 4G and H) .
We also tested whether cell cycle withdrawal was dependent on the function of gap junctions. Carbenoxolone (CBX) is a commonly used gap-junction inhibitor, and we treated animals with regenerating limbs (late bud blastema stage) with this inhibitor for 24 h. Exposure to CBX did not appear to alter the pattern of Cx43 expression (compare Fig. 6A and A 0 to Fig. 5B and C) ; however, some cells in the basal layer of AEC began to incorporate BrdU (Fig. 6B) . These data are consistent with the hypothesis that AEC cell cycle withdrawal is dependent on the presence of gap junction communication that is mediated by signals from the nerve.
Non-proliferation of basal keratinocytes in the AER/AEC is observed in other vertebrate species
Given that the function of the AEC is considered to be equivalent to that of the AER of higher vertebrates, we examined whether cell cycle withdrawal also occurs in the AER of developing mouse and chick limb buds (Fig. 7) . In both cases, the frequency of BrdU labeled cells was dramatically lower in the keratinocytes of the AER as compared to the adjacent ectoderm. In the mouse limb bud, the frequency of labeling was less than one third of that of the adjacent, non-AER ectoderm (Fig. 7D ). In the chick limb bud, no labeling was evident in whole-mount immunohistochemical preparations in which the AER appeared white (Fig. 7E) , or in histological sections (Fig. 7F) . Therefore, cell cycle withdrawal appears to be a conserved behavior of keratinocytes in the AER/AEC, implying an association with the conserved function of this unique population of cells.
Discussion
Our findings largely confirm the results of Hay and Fishman (1961) who originally reported that the cells of the regenerating blastema AEC were non-proliferative. We have determined that there actually is a subpopulation of AEC cells, the basal keratinocytes in the distal region of the blastema, which exits the cell cycle. The suprabasal keratinocytes as well as the keratinocytes in the more proximal region of the blastema remain proliferative, though at a reduced rate compared to the epidermal keratinocytes at the wound margin. We have also determined that the behavior of cell cycle withdrawal is regulated by the presence of nerves, and is functionally associated with formation and growth of the blastema. This ability of the nerve to induce blastema formation is lost if the nerve is severed (Endo et al., 2004; Satoh et al., 2008b Satoh et al., , 2010 . Therefore the simple presence of the deviated nerve is not sufficient and the induced regenerative response is mediated by nerve signaling. We thus have identified a unique subpopulation of cells, the basal keratinocytes of the AEC, that responds to nerve signaling and appears to be essential for the initiation and progression of regeneration.
There are several lines of evidence in support of the hypothesis that the basal keratinocytes are specialized in terms of the function of the AEC. These are the cells that are physically located closest to the underlying mesenchyme, which is the downstream target of AEC signaling. These two populations of cells are in more or less direct contact given the lack of a basement membrane in the apical region of the blastema, which is hypothesized to be a necessary condition for successful AEC-mesenchymal signaling (Neufeld and Day, 1996) . At more proximal levels of the blastema, the basement membrane is reformed coincident with the redifferentiation of the dermis (Neufeld and Day, 1996; Satoh et al., 2008a) . The basal keratinocytes of the apical AEC also uniquely express a number of genes associated with AEC/AER function in developing limb buds. These include Sp-9 (Satoh et al., 2008b) , Bek (fgfr2b/kgfr) (Poulin et al., 1993; Poulin and Chiu, 1995) , fibronectin (Nace and Tassava, 1995) , and Fgf-8 (Han et al., 2001) . It thus appears that the function of the AEC is localized to the subpopulation of basal keratinocytes rather than to the AEC in its entirety.
The phenomenon of cell cycle withdrawal in the AEC begs the question of the cause and effect relationship between AEC function and regulation of cell cycle kinetics. Although it is possible that AEC cells become less-proliferative in response to upstream signaling that induces AEC function, it also is possible that AEC function is induced and dependent on non-proliferation of the basal keratinocytes (i.e. AEC function is downstream of cell cycle withdrawal). Though limited, there are experimental data demonstrating that cell cycle withdrawal induces expression of embryonic pattern formation genes, resulting in the formation of new limb pattern (Ohsugi et al., 1997) . There are a number of potential mechanisms whereby cell cycle kinetics could regulate downstream gene expression (Bryant et al., 1993; Ohsugi et al., 1997) , including the temporal gating of genes with long transcriptional units (Shermoen and O'Farrell, 1991) . Additionally, transcripts and/or proteins required for AEC function could be diluted in proliferative cells but retained in the non-proliferative basal keratinocytes, similar to the retention of the BrdU label reported above. Regardless of mechanism, if the regulation of cell cycle kinetics functions to regulate AEC signaling, then the desired outcome of regenerative therapies that target the AEC would be to inhibit, rather than to stimulate proliferation in this subpopulation of cells.
The relationship between cell cycle withdrawal and the function of cell-signaling centers is not limited to the AEC of the salamander blastema. As we determined, the cells of the AER of both mouse and chick limb buds are low/non-proliferative in association with the conserved function of the AER and AEC. We note that other signaling centers not associated with limb buds/blastemas have been reported as being low/non-proliferative. The apical epithelium of regenerating lizard tail, as well as the signaling center of a tooth bud, known as an enamel knot, do not incorporate BrdU (Cox, 1969; Jernvall et al., 1998) . The floor plate of the neural tube, which acts as a signaling center for pattern formation, as well as the mid-hindbrain boundary, have very low rates of proliferation (Bellomo et al., 1996; Ding et al., 1998; Trokovic et al., 2005) . Finally, the AEC of regenerating zebrafish fin rays is non-proliferative (Poleo et al., 2001; Nechiporuk et al., 2003; Poss et al., 2003) . Collectively these data are consistent with the hypothesis that there is a mechanistic relationship between signaling center function and cell cycle kinetics.
Finally, there is the long-asked question of why mammals fail to undergo regeneration (see Tassava and Olsen, 1982; Muller et al., 1999) . Although regeneration of complex structures is limited in mammals, it nevertheless does occur (e.g. digit tips). Much has been learned in recent years about this regenerative response (Han et al., 2005; Rinkevich et al., 2011; Yu et al., 2010; Han et al., 2008; Muneoka et al., 2008) ; however, little is know about the behavior and function of the apical epithelium that forms after digit amputations regenerate. Evidence to date indicates that no structure equivalent to an AEC forms in response to amputations at more proximal levels that do not regenerate (Masaki and Ide, 2007) . We cannot know at this point whether or not therapeutically inducing the formation of the functional equivalent of an AEC would be sufficient to induce complete limb regeneration in mammals. Nevertheless, inducing this early response will likely be necessary (Tassava and Olsen, 1982; Muller et al., 1999) . To this end, we have identified a unique subpopulation of cells, the basal keratinocytes of the distal AEC, that appear to be essential for the successful progression through the stages of regeneration, and thus are a target for therapeutic intervention to induce regeneration in humans.
